The anticipated near-term market for the EFCC is repowering of existing coal fueled power generation units. Repowering with an EFCC system offers utilities the ability to match existing steam conditions and improve the efficiency of existing plants by 30 to 50 percent, whiIe reducing NO, and carbon dioxide on a per megawatt basis. Furthermore, the EFCC concept does not require complex chemical processes, and is therefore compatible with existing utility operating methods and experience.
The long-term market for EFCC includes new power generation facilities using advanced combustion turbines in combined cycle operation. A conceptual design of a greenfield 300 M W EFCC plant has been developed. The facility has a net plant heat rate on a higher heating value 0 basis of less than 7000 Btu/kWh (over 49 percent efficiency), w i t h very low S O , NO,, and particulate emissions. The plant exhibits a highly competitive cost of energy.
EFCC Description
The Externally Fired Combined Cycle (EFCC) is an emerging technology for indirectly firing a gas turbine with coal or other ash bearing fuels. The EFCC concept offers power generators a highly efficient, cost-effective technology for repowering existing plants and for new capacity additions. EFCC plants are relatively simple in concept for design, construction, and operation, compared with other emergins technologies because most components are similar to those used in conventional power plants.
The EFCC Development Program is a cost-shared program between the US Department of
Energy (DOE) Morgantown Energy Technology Center and a consortium of US and foreign utilities, industry, and state agencies. The EFCC Consortium is led by Hague International.
In the EFCC concept, shown on Figure 1 , fuel is burned in an atmospheric combustor. The hot flue gas flows through a slag screen, which removes ash particles greater than 12 microns in size which might foul the air heater. The flue gas flows into a ceramic air heater, i n which air from the gas turbine compressor is heated to turbine inlet temperature. After expansion through the gas turbine, the exhausted air flows to the combustor where it is used as combustion air.
Flue gas exiting the air heater flows to a heat recovery steam generator (HRSG), where steam for the bottoming cycle is generated. In some designs, the HRSG and the combustor are combined into an integrated steam generator (ISG). After flowing through the HRSG, the flue gas passes through flue gas desulfurization (FGD) and particulate removal systems before stack discharge.
The high efficiency of the EFCC concept offers significant potential in both new generation and repowering applications. In near-term new plant applications, this efficiency will exceed 45 percent (with heat rates less than 7,580 Btu/kWh) on an HHV basis. In the long-term, the EFCC has the potential to exceed efficiencies of 49 percent (heat rates less than 7,000 Btu/kWh). Furthermore, unlike other emerging coal fueled combined cycle technologies, the EFCC expands clean air rather than combustion gases through the gas turbine, increasing the service life of the turbine gas path. With existing FGD systems, sulfur emissions are maintained within regulatory requirements. Figure 2 , comprises a coal handling system, a 25 MMBtu/h heat input combustor, slag screen, three-pass high pressure air heater, 500 kW gas turbine, and a heat rejection system for waste heat, plus controls and ancillary equipment.
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The slag screen consists of a staggered array of refractory tubes acting as an impact separator. A slag screen has been built and installed at KTF. Performance of the slag screen will be verified during K I F testing in 1995.
Ceramic Air Heater
The ceramic heater designed for KTF is a three-pass shell-and-tube heat exchanger. A conceptual illustration of a three pass air heater is shown on Figure 4 . The air heater has 72 vertically-oriented tube-strings for a total of 216 tubes. Tubes are supported vertically i n compression, w i t h the compressive forces developed by a spring-pack and bellows assembly on the cold end of the tube-string.
Ceramic air heater components being tested at KTF wiU permit air heater exit temperatures to approximately 1,810" F. However, to meet the goals of this program by the year 2000, a component optimization effort, focused on increasing the temperature capabilities of the ceramic components that comprise the air heater, will be performed as part of the future EFCC development program. The gas turbine at the KTF is a 500 kW Garrett Mode1 IM831. The KIF air heater has a capacity to power a larger gas turbine; the 500 k W turbine was selected on the basis of availability to the project. As with most gas turbines used for indirect firing, the Garrett machine requires modifications for indirect firing. The conventional gas fueled combustor and associated fuel control system has been removed and replaced by a ceramic air heater fired by an extemal atmospheric coal combustor. The interface with the air heater requires a double-walled sedon of piping. The compressor discharge air flows to the air heater in the outer annular area, and the air heated in the air heater returns to the turbine section through the pipe section. The outer piping is fabricated from conventional metal materials and the inner liner from a fiber-reinforced ceramic material.
A turbine control valve system offers a key control of turbine output power. This system allows a portion of the compressor discharge air to bypass the ceramic air heater and mix with the hot discharge air to control the turbine inlet temperature. In this way, the ceramic air heater can be maintained as a nearly constant temperature heat reservoir, and gas turbine load Variations are accommodated by control of the bypass flow. As the long-term heat duty of the exchanger Varies, the gas idet temperature can be moddated by regulating the coal fning rate and the combustion air. International.
The Warren Station, shown on Figure 5 , is in northwestern Pennsylvania, 2 miles west of the city of Warren, on the Allegheny River. Warren Station Units 1 and 2 began operation in 1948 and 1949, respectively. The station has four Erie City pulverized coal fueled boilers, each of which produces 225,000 lb/h steam at 875 psig and 885" F. Two Westinghouse steam turbine-generators, each rated at 48 MW, are in service. The units share a common stack, coal handling system, and circulating water system, which will continue to be shared by the repowered unit. The station is in good condition; repowering with EFCC will enable the station to produce energy at a competitive cost while complying w i t h the 1990 CAAA.
The Warren EFCC unit will burn about 26 tons of pulverized bituminous coal per hour in a staged, atmospheric combustor. The combustor, which will be about 85 feet tall and 25 feet in diameter, is designed to reduce NO, levels to 0.13 lb/MMBtu, well below New Source Performance Standard (NSPS) l i m i t s .
Hot flue gases will flow through a slag screen which removes ash particles greater than 12 microns in size. The gas wiU flow to a four-pass air heater comprising ceramic and metal tubes. The heat exchanger will be approximately 88 feet t a l l , 27 feet wide, and 8 feet deep. The exit air temperature will be 1,800" F.
Hot air from the air heater will power a 30 M W gas turbine which has been modified for indirect firing. Exhaust air from the gas turbine is used as combustion air in the combustor. Hot flue gas will exit the air heater and pass through the heat recovery portion of the ISG, which replaces two of the existing pulverized coal boilers. Steam from the ISG powers the existing Unit 2 steam turbine, producing 48 MW (gross). Flue gas exiting the ISG will be cleaned in a dry spray scrubber and baghouse system, reducing SO, by 80 percent and particulate to below 0.003 lb/MMBtu.
The projected capacity of the repowered Unit 2 is 78 M W gross (72 M W net), an increase of about 50 percent over that of the existing facility. The Unit 2 heat rate will si,@hntly improve to below 9700 Btu/kWh which, in turn, will increase the dispatchability of the unit. The unit will exhibit very good part-load performance.
Phase I, Project Definition, activities to date include conceptual design, permitting, and work to obtain approvaIs associated with the National Environmental Policy Act. Detailed design and procurement are scheduled to start in June 1995, with initial construction to begin before the end of 1995.
The Warren EFCC Demonstration Project was reported in more detail in 1994 by Gray, et a18 b
NEAR-TERM EFCC MARKET
The near-term domestic market for EFCC is likely to be repowering. The US has over 200 coal fueled power Units i n the range of 30 to 100 Mw which are over 30 years old.
Efficiencies of these plants range from 23 to 33 percent, with an average of 27 percent. Added to the coal fueled steam plants above 100 MW that are over 30 years old, the total exceeds 500 units. All of these are or will become candidates for repowering using the EFCC technology by 2010. The EFCC technolopy is particularly well suited to repowering these aging power plants for the following reasons: Westinghouse, and Environmental Elements Corporation (EEC). This design requires s i w c a n t developments in ceramic tube technology, beyond that currently available. The design is based on a Westinghouse 501G gas turbine, with an inlet temperature of 2,500" F. Sulfur removal is accomplished by sorbent injection in the combustor coupled with a backend dry scrubber, with the backend scrubber using carryover sorbent from the combustor. In addition to sulfur removal, the scrubber uses injected activated charcoal for mercury adsorption. The scrubber ako serves as a conditioner for the electrostatic precipitator. NO, reduction is accomplished through staged combustion i n the combustor and through the use of a seIective catalytic reduction unit in the HRSG.
Projected performance for the plant includes a net combined cycle plant capacity of 310 M W . At 100 percent load, the EFCC facility has a net plant efficiency exceeding 49 percent (7,000 Btu/lcWh) on a higher heating value 0 basis. ,This is signiScantly higher than the efficiency of conventional pulverized coal plants (typically about 34 percent). This efficiency is also higher than efficiencies for integrated gasification combined cycle systems, which are typically in the 40 to 43 percent range. The EFCC plant exhiiits good part-load charaeteristics.
Projected plant SO, and NO, emissions are less than a quarter of the levefs allowed by today's New Source Performance Standaids. Removal of expected trace toxic heavy metals, excluding mercury, will exceed 99 percent. Expected mercury removal, including elemental mercury, will range from 90 to 95 percent.
CONCLUSlONS
The Externally-Fired Combined Cycle is an attractive emerging technology for powering high efficiency combined gas and steam turbine cycles with coal or other ash bearing fuels. Development of the technology continues w i t h the startup of the Kennebunk Test Facility, leading to large scale demonstration at the Penelec Warren Station. Near-term commercialization will most likely focus on repowering applications, w i t h long-term applications being very high efficiency, very clean new plants.
